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Abstract Hybrid inorganic-organic nanocomposite materials with their widely 
varying electrical and mechanical properties offer promising applications in many 
areas of the electronic industry and have been traditionally employed as insulators 
and dielectrics. The development of new materials has broadened their utilization 
into areas where their semi-conducting and conducting properties have encouraged 
use in many novel applications. In this chapter we have reviewed on the material 
aspects of nanocomposites used in the following electronic applications: integrated 
circuits, embedded capacitors, transistors, lithium ion batteries, light emitting 
diodes, information storage, and briefly about liquid crystal, flat panel displays and 
ultra large scale integrated (ULSI) devices. 


6.1 Introduction 

Hybrid organic-inorganic materials are nanocomposites with organic and inor¬ 
ganic components that are either homogeneous systems derived from monomers 
and miscible organic and inorganic components, or heterogeneous systems (nano¬ 
composites) where at least one of the components’ domains has a dimension ranging 
from some Angstrom to several nanometers. The improved or unusual features 
related to multi-phase structures of these materials not only represent an alternate 
to design new multifunctional materials and compounds for academic research, 
but also result in the development of innovative industrial applications [1-3]. 
These new generations of hybrid materials, offer a land of promising applications 
in many areas including electronics, ionics, mechanics, energy, environment, biology, 
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optics, medicine (for example as separation devices and membranes), functional 
smart coatings, solar and fuel cells, catalysts, sensors, etc [1, 4-19]. 

Nanocomposites represent the current trend in novel nanostructured materials. 
Properties of these materials are not only limited to the sum of the individual 
contributions of both phases, but also the role of the inner interfaces could be predominant. 
Based on the nature of the interface, nanocomposites can be divided into two 
distinct classes [1, 5, 20, 21] where (a) organic and inorganic components are 
embedded and only weak hydrogen, van der Waals or ionic bonds give the cohesion 
to the whole structure and (b) the two phases are linked together through strong 
chemical covalent or iono-covalent bonds. 

Nanocomposites being at the interface of organic and inorganic realms offer a 
wide range of possibilities to elaborate tailor-made materials in terms of processing, 
chemical and physical properties. Hybrid materials generate smart microelectronic, 
or intelligent therapeutic vectors that combine targeting, imaging, therapy and 
controlled release properties. Electronic technologies that allow for a reduction in 
size, weight, and cost while improving functionality and performance are highly 
desired for military and commercial applications, including telecommunications, 
network systems, automotives, and computer electronic devices [1, 4-19]. Hybrid 
inorganic-organic nanocomposites with their widely varying electrical and 
mechanical properties have been traditionally employed as insulators and dielectrics 
but, the development of new materials has broadened their utilization into areas 
where their semiconducting and conducting properties have encouraged use in 
many novel applications. This review will focus on the material aspects of nano¬ 
composites used for electronic applications such as: integrated circuits, embedded 
capacitors, transistors, lithium ion batteries, light emitting diodes, information storage, 
and briefly about liquid crystal, flat panel displays and ULSI devices. Before going 
into the review it is appropriate to briefly introduce these applications. 


6.1.1 Background 

6.1.1.1 Transistors 

A transistor is a three-terminal semiconductor device that can be used for amplification, 
switching, voltage stabilization, signal modulation and many other functions. 
Transistor is a fundamental building block of both digital and analog integrated 
circuits. In analog circuits, transistors are used in amplifiers, (direct current 
amplifiers, audio amplifiers, radio frequency amplifiers), and linear regulated 
power supplies. Transistors are also used in digital circuits such as logic gates, 
random access memory (RAM), microprocessors, and digital signal processors 
(DSPs) where they function as electronic switches. 

Transistors are divided into two main categories: bipolar junction transistors 
(BJTs) and field effect transistors (FETs). The vast majority of transistors are 
fabricated into integrated circuits (also called microchips or simply chips) along 
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with diodes, resistors, capacitors and other electronic components to produce 
complete electronic circuits. A logic gate comprises about twenty transistors 
whereas an advanced microprocessor, as of 2006, can use as many as 1.7 billion 
transistors [22]. Field-effect transistors (FETs), sometimes called unipolar transistors, 
use either electrons (N-channel FET) or holes (P-channel FET) for conduction. 
Like bipolar transistors, FETs can be made to conduct with light (photons) as well 
as voltage. Devices designed for this purpose are called phototransistors. 

Transistors have the applications in and as [23-25]: 

(1) Electronic Switches: for both high power applications including switched- 
mode power supplies and low power applications such as logic gates. 

(2) Amplifiers: from mobile phones to televisions, vast numbers of products 
include amplifiers for sound reproduction, radio transmission, and signal 
processing. Transistors are commonly used in modern musical instrument 
amplifiers, where circuits up to a few hundred watts are common and rela¬ 
tively cheap. They have largely replaced valves in instrument amplifiers. In 
some cases of musical instrument amplifiers both transistors and vacuum 
tubes are used in the same circuit, to utilize the inherent benefits of both the 
devices. 

(3) Computers: development of transistors was the key to computer miniaturization 
and reliability. Transistors incorporated into integrated circuits have replaced 
most discrete transistors in modern digital computers. 

Some advantages of transistors over conventional vacuum tubes include [1, 5, 12, 
22, 26-32]: smaller size, highly automated manufacture, lower cost (in volume 
production), lower possible operating voltages, no warm-up period, lower power 
dissipation, higher reliability, longer life, and ability to control large currents. 


6.1.1.2 Integrated Circuits 

Integrated circuits (ICs) were made possible by technology advancements in semi¬ 
conductor device fabrication (by mid-twentieth century) and by the experimental 
discoveries that showed semiconductor devices could perform the functions of 
vacuum tubes [33-35]. The integration of large numbers of tiny transistors into a 
small chip was an enormous improvement over the manual assembly of circuits 
using discrete electronic components. The integrated circuit’s mass production 
capability, reliability, and building-block approach to circuit design ensured the 
rapid adoption of standardized ICs in place of designs using discrete transistors. 
There are two main advantages of ICs over discrete circuits: cost and performance. 
As of 2006, chip areas range from a few square mm to around 250 mm 2 , with up to 
1 million transistors per mm 2 [22]. 

Microprocessors are the most advanced integrated circuits, which control computers 
to cellular phones to digital microwave ovens. Digital memory chips are another 
family of integrated circuits that are crucially important to the modern information 
society [36]. While the cost of designing and developing a complex integrated circuit 
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is quite high, when spread across typically millions of production units the individual 
IC cost is minimized. Since the speed and power consumption gains are apparent 
to the end user, there is fierce competition among the manufacturers to use finer 
geometries [33-35]. 

Integrated circuits can be classified into analog, digital and mixed signal (both 
analog and digital on the same chip) [37]. Digital integrated circuits contain from 
one to millions of logic gates, flip-flops, multiplexers, and other circuits in a few 
square millimeters [38]. The small size of these circuits allows high speed, low 
power dissipation, and reduced manufacturing cost compared with board-level 
integration [39]. In 1986 the first one megabit RAM chips were introduced, which 
contained more than one million transistors. Microprocessor chips produced in 
1994 contained more than three million transistors. The latest server processor from 
Intel had four billion transistors on a chip [22]. 


6.1.1.3 Capacitors 

Capacitors, (energy-storage devices in electrical circuits) can also be used to differentiate 
between high-frequency and low-frequency signals which make them useful in 
electronic filters. 

Capacitors have various uses in electronic and electrical systems such as 
[40-42]: 

(a) Energy storage, filtering, signal coupling, noise filters, motor starters, 

(b) Signal processing (energy stored in a capacitor can be used to represent informa¬ 
tion, either in binary form, or in analogue form, as in analog sampled filters), 

(c) Tuned circuits (capacitors and inductors are applied together in tuned circuits to 
select information in particular frequency bands), 

(d) Sensor applications [43, 44]: 

I. Capacitors with an exposed and porous dielectric can be used to measure 
humidity in air; by changing the distance between the plates, capacitors 
can also be used to accurately measure the fuel level in airplanes 

II. Capacitors with a flexible plate can be used to measure strain or pressure 

III. Capacitors are used as sensors in condenser microphones, 

IV. Some accelerometers use MEMS capacitors etched on a chip to measure 
the magnitude and direction of the acceleration vector 

V. They are used to detect changes in acceleration, e.g., as tilt sensors or to detect 
free fall, as sensors triggering airbag deployment, and fingerprint sensors 

6.1.1.4 Lithium Ion Batteries 

Lithium (Li) ion batteries are rechargeable batteries that are commonly used in 
consumer electronics. They are the most popular type of batteries, with one of the 
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Table 6.1 Permanent capacity loss vs. storage conditions in lithium ion batteries at different 
temperatures [45] 


Storage Temperature (°C) 

100% Charge 

40% Charge 

0 

6% loss after 1 year 

2% loss after 1 year 

25 

20% loss after 1 year 

4% loss after 1 year 

40 

35% loss after 1 year 

15% loss after 1 year 

60 

40% loss after 3 months 

25% loss after 1 year 


best energy-to-weight ratios, no memory effect and a slow loss of charge when not 
in use. Lithium ion batteries can be formed into a wide variety of shapes and sizes, 
so as to efficiently fill available space in the devices they power. The forte of the 
Li-ion chemistry is the high open circuit voltage in comparison to aqueous batteries 
(such as lead acid, nickel metal hydride and nickel cadmium). However, a unique 
drawback of the Li-ion battery is its life span that is dependent upon aging from the 
time of manufacturing regardless of the number of charge/discharge cycles. 
Table 6.1 [46] lists the permanent capacity loss of Li ion batteries vs. storage conditions 
at different temperatures. 


6.1.1.5 Light Emitting Diodes 

Organic light-emitting diodes (OLEDs) are a special type of light-emitting diodes 
(LEDs) in which the emissive layer comprises a thin-film of certain organic com¬ 
pounds. The emissive electroluminescent layer can include a polymeric substance 
that allows the deposition of very suitable organic compounds, for example, in rows 
and columns on a flat carrier by using a simple “printing” method to create a matrix 
of pixels which can emit different color light [47]. One of the great benefits of an 
OLED display over the traditional liquid crystal displays (LCDs) is that OLEDs do 
not require a backlight to function. This means that they draw far less power and, 
when powered from a battery, can operate longer on the same charge. It is also 
known that OLED based display devices can be more effectively manufactured than 
LCD and plasma displays [47]. 


6.2 Applications 

6.2.1 Embedded Capacitors 

Lighter, smaller, compact, cheaper, finer function and further miniaturization are the 
keywords of today’s electronics industry. To satisfy these goals, electronic packaging 
technology has to play a vital role [8, 19, 42, 48-53]. Discrete passives (capacitors) 
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are useful in applications such as noise suppression, tuning, filtering, decoupling, 
bypassing, termination, and frequency determination. Passives account for a very 
large part of today’s electronic assemblies especially for digital products such as cel¬ 
lular phones, camcorders, computers and defense devices [19, 48-50, 52, 53]. 
However, they outnumber the active integrated circuits (ICs) by several times and 
occupy more than 70% of the substrate in a typical electronic system with the increase 
of frequency. Also, current interconnect technology to accommodate surface mounted 
passives impose certain limits on board design, which limit the overall circuit speed. 
Thus discrete passives have become major barriers to the miniaturization of an elec¬ 
tronic system especially when the ratio of capacitors to total passive components 
could be more than 60% [54]. Many efforts were on to increase the integration density 
of printed circuit boards (PCBs) as part of the general effort to miniaturize electronic 
equipment. Additionally, as they occupy a substantial amount of surface area on a 
substrate, there are limitations in the number of capacitors that can be placed around 
a chip [53]. Hence, an obvious strategy is to reduce the number of surface mounted 
passives by embedding them in the substrate or printed wire board. 

Embedded passives provide increased real estate on the printed wiring board 
(PWB), reduced parasitic effects and conversion cost, miniaturization of interconnect 
distance, reduced part count and improved performance [55]. For this reason, 
embedded passive technology, which aims at removing passive components (capac¬ 
itors, resistors, and inductors) from the PCB surface and integrating them into the 
bulk of the boards has attracted considerable interest [50]. System-in-a-package 
(SIP), a novel technology, is an assembly of several types of chips such as logic, 
memory, analog, and passives in a package, working as one system [56]. Embedded 
passives, components placed between the interconnecting substrates of a PWB, 
play an important role in SIP technique. Integration of the passives in packages also 
has the benefits of higher reliability, and improved design options. Such embedded 
capacitors demand materials with a high dielectric constant (especially at high 
frequency over MHz), a low processing temperature, a low leakage current, and a 
reasonable high breakdown field [49, 50, 52]. 

Thin film deposition and anodization have been used for manufacturing embedded 
capacitors [57]. But, these techniques need relatively expensive equipment and are 
not easily implemented into large-area MCM-L (multi chip module laminated) 
substrates [52]. Metal organic chemical vapor deposition (MOCVD) can also be 
used for fabrication of high value integral capacitors where cost may not be a critical 
factor. MOCVD can be employed as a low temperature dielectric deposition 
technique as required by the PWB multi-layer fabrication technology. This tech¬ 
nique was implemented to deposit Ti0 2 thin film dielectrics at temperatures below 
180°C with higher capacitance densities [52]. Two different metal-dielectric-metal 
type parallel plate capacitor structures on silicon and PWB substrates were developed 
for relatively high frequency (45 MHz-1 GHz) and low frequency (100 Hz-1 MHz) 
characterization (Fig. 6.1 [52]). Copper was used as the ground and upper electrodes 
with a 10 nm Cr adhesion layer between the dielectric and the electrodes. Specific 
capacitance as high as 200 nF/cm 2 was reported at 1 MHz from devices built on silicon 
substrates and at 100 kHz from devices on PWB substrates. 
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Fig. 6.1 Relative dielectric constant vs. frequency in the range (a) 100 Hz-1 MHz (b) 45 MHz-1 GHz 
(Reprinted with permission from [58]. Copyright (2000) Kluwer Academic Publishers) 


For cost driven applications such as mobile phones and personal computers, 
polymer composites are the preferred materials. Polymer composite materials have 
emerged as a potential candidate for integral capacitors, because they satisfy 
the requirements of low processing temperature and reasonably high dielectric 
constant [53]. Many polymer nanocomposite studies focused on processing of high 
capacitance density thin films within small substrates/wafers where the important 
processing issue was to achieve high capacitance density on large coatings [54, 59, 
60]. The uniqueness of polymer-based nanocomposites, compared with other nano¬ 
size objects, lies in the influence of the matrix resin on composites’ performance and 
matrix-nanoparticle interaction. Another distinctive feature of these systems is the 
cooperative behavior of interacting particles in the case of highly filled composites, 
which becomes observable at the so-called percolation threshold where certain 
continuous structures of fillers are formed [61]. Novel integral passive component 
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materials with extraordinarily high dielectric constants (K > 1,000) and high reliability 
performances were demonstrated by Yang and Wong (Patented in 2001). These 
materials (although needed precision filler concentration control) were characterized 
by high dielectric constant based on the mechanism of interfacial polarization [53]. 

Two types of fillers have been investigated in polymers to suit as embedded 
capacitors: ferroelectric ceramic fillers and conducting (metallic) fillers. Properties 
of polymer/ferroelectric composites have been widely investigated for capacitor 
integration [8, 54, 59]. The dielectric constant of these composites was reported to 
be in the range of 10-100, depending on the ferroelectric filler concentration [62]. 
Also, in some cases, a high dielectric constant above 100 was reported; for example, 
epoxy/ceramic composites [58, 63]. Epoxy is a suitable polymer for the ceramic/ 
polymer composites, because of its inertness to electroless plating solution and the 
compatibility with PWBs. Barium titanate (BaTi0 3 ) is a well-known ferroelectric 
material, and has a high dielectric constant around 6,000 at a fine grain size of 
~1 |im, and of 1,500-2,000 at a coarse grain size [64]. Despite this, the micrometer 
range ceramic particles used in polymer matrix composites form weak interfaces 
between ceramic particles and the polymer, where more pores would form and 
hence lower the dielectric permittivity [65-67]. 

To overcome these problems, additives with high dielectric constant were used, 
surface modification of ceramic particles was done to improve their dispersion in the 
matrix, curing temperature of polymer matrix was lowered, and dielectric constant 
of the polymer matrix was increased [51]. Also chemical additives or shifters have 
been applied to the dielectric ceramics to move the Curie peak value (towards room 
temperature) and to smooth the Curie peak to improve the capacitance, and to have 
lower temperature coefficient of capacitance respectively. However these isovalent 
and aliovalent shifters can either decrease or increase the Curie point and change the 
dielectric constant. In case of modified BaTi0 3 high dielectric constants have been 
reported [64]. It is also reported that dielectric properties and the behavior of BaTi0 3 
ceramics are highly dependent upon the particle size, grain size, phase contents, and 
the types of dopants added. Removal of grain boundaries, elimination of constrained 
forces from neighboring grains and a drop in domain density with the decreased 
particle size reduced the dielectric constant of the BaTi0 3 powders [64]. 

Further, conventionally to achieve high dielectric constant, the ceramic particle 
loading in the polymer-ceramic composite is increased. However, a high ceramic 
loading may lead to poor processability, poor dispersion, and therefore poor adhesion 
of the composite due to large loose aggregates, which in turn will effect the reliability 
of embedded capacitors [51]. Bai et al. [68] reported that the polymer-matrix 
composite with a high dielectric constant of 250 with a 50% (volume) concentration 
of relaxor ferroelectric ceramic particles, lost its flexibility. It was reported that a 
ceramic loading of above 80 vol% is impracticable. Table 6.2 lists the dielectric 
properties of commercial polymer-ceramic composites developed world-wide [51, 
71]. Commercially available composites have only a dielectric constant of less than 
40, which is far lower from the requirements for the next generation electronics. 
Hence, novel polymer-ceramic composites approaching the highest margin of 
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Table 6.2 Different commercial organic/inorganic composite materials with high dielectric 
constant [69, 70] 



Hadoco 

3M 

Dupont 

Vantico 

Trade name 

EmCap 

C-Ply 

Hi-K 

CFP 

Composite 

Epoxy/Ceramic 

Epoxy/BTO 

Polyimide/BTO 

Epoxy/Ceramic 

Thickness (pm) 

100 

4-25 

25 

12 

Capacitance (pF/mm 2 ) 

3.3 

15.5-16.5 

2.3 

16 

Dielectric constant 

36 

22 

11.6 

20.5 

@ 1 GHz 

Dielectric loss @ 1 GHz 

0.06 

0.10 

0.01 

_ 


ceramic loading based on new concepts are needed for embedded capacitor applications. 
But, as per the 1998 National Electronics Manufacturing Technology Roadmap [72], 
a required capacitance density of ~50 nF/cm 2 by 2001 is needed for successful 
implementation of integral passive technology, polymer/ceramic nanocomposites 
proved to be a viable option for values only up to 20 nF/cm 2 [73]. Since, for higher 
values these nanocomposites have not been proven to be a viable solution for 
integration with the printed wiring boards, alternative material systems were evaluated 
for the critical needs as evident in the NEMI Roadmap [72]. 

Metal nanoparticles exhibit unique physical, chemical, optical, magnetic, and 
electrical properties. Many researchers have exploited their properties in a readily 
usable form by incorporating them into polymers [53]. The solution for the capacitors 
consists in embedding those components in the form of metal/insulator/metal (MIM) 
stacks in between the inner interconnection lines of multilayer PCBs. The advantages 
of this technology include increased integration density, improved reliability (reduc¬ 
tion of solder bumps) and better electrical performances (capacitors can be located 
closer to active circuits) [50]. Wong et al. demonstrated metal/epoxy composites [74] 
for embedded capacitor applications. They fabricated epoxy/silver flakes composites 
with a dielectric constant of more than 1,000 which is ten times higher than ferroelec¬ 
tric/epoxy composites [74]. This approach is based on the fact that in metal/insulator 
composites, the dielectric constant is predicted to diverge at the percolation threshold 
[75, 76]. Ei et al. [51] evaluated nickel (400 and 150 nm)-filled nanocomposite as a 
candidate for embedded capacitors. They reported that with highly dispersed filler 
even at loadings of 60 vol%, a high dielectric constant of over 90 was achieved. 
The change in the dielectric constant with volume ratio of the filler is demonstrated 
in Fig. 6.2 [51]. When the surface modification of a barium titanate (Phthalocyanine 
coated BTO) particle was attempted in nanocomposite, its dielectric constant was 
observed to be over 80 at 1 MHz, which was much higher than that of composite 
derived from commercial BTO. Further, to improve the processability of the 
nanocomposite, 4, 4'-diphenylmethane bismaleimide (BMI) was selected as a matrix 
polymer by the combination with polyamide (PA). Higher dielectric constant 
nanocomposite derived from PA/BMI and Pc-coat BTO was obtained, and its 
potential application towards embedded capacitors was also evaluated. 
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Fig. 6.2 Relationship 
between dielectric constant 
and filler volume ratio 
(Reprinted with permission 
from [69]. Copyright (2005) 
IEEE) 



Pothukuchi et al. [53] used an in situ reduction approach to incorporate silver 
particles in epoxy matrix for possible use in embedded capacitor applications. 
Reduction of metal salt was carried out in an epoxy matrix using a reducing agent. 
BaTi0 3 -epoxy based polymer nanocomposites having the potential to surpass 
conventional composites to produce high capacitance density, low loss, and applicable 
over large surface areas, in thin film capacitors were reported by Das et al. [49]. The 
effects of particle size, thickness and loading parameters on the observed electrical 
performance and the reliability of the embedded capacitors were shown. Electrical 
properties of nanocomposites made of epoxy (used in majority of the PCBs) resin 
filled with 70 nm silver particles were investigated by Gonon et al. [50] ac conduc¬ 
tivity and dielectric constant were plotted (Fig. 6.3 [50]) in the 10 _1 -10 5 Hz range 
frequency for different concentrations of silver nanoparticles. The composites 
exhibited electrical properties that do not obey standard percolation laws. A very 
low percolation threshold obtained (&c= 1%) was related to a segregated distribution 
of the fillers in the epoxy matrix. Also, they reported a very high dc critical exponent 
(t = 5), which was attributed to the inter particle electrical contact. Pecharroman 
et al. [78] have reported Ni/BaTi0 3 metal/ceramic composites with high dielectric 
constant of 80,000, but the metal/ceramic composites still need to be sintered at 
high temperature of about 1,300°C under the special protection of preventing 
from oxidation of Ni. Dang et al. [79] reported a three phase (Ni/BaTi0 3 /PVDF) 
composite based on the mixture rules and percolation theory, with dielectric constant 
of above 500. These composites were prepared by simple blending and hot molding 
procedures and they are reported to be flexible. 

Conventionally, according to percolation theories, the dielectric constant takes very 
large values for filler concentrations close to the percolation threshold [80-82]. 
So, in principle, provided one stays on the “insulating side” (filler concentrations 
below the percolation threshold) it is possible to get a very high dielectric constant 
while keeping insulating properties. Though it appears appealing, in practice this 
approach is not so simple to implement. Indeed, there were many examples of 
conductor/insulator composites for which divergence of the permittivity is not 
observed at the percolation threshold. For instance, in carbon black/polymer 
composites it was observed that the dielectric constant smoothly increases through 
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Fig. 6.3 (a) ac conductivity and (b) dielectric constant vs. frequency for various silver nano¬ 
particles volume fraction (Reprinted with permission from [77]. Copyright (2006) AIP) 


the percolation threshold (no sharp increase is observed at the percolation threshold) 
[83, 84]. The practical consequence is that it is not possible to get a high dielectric 
constant while maintaining insulating characteristics. 

In a more fundamental context, conductor/insulator mixtures of several kinds 
were extensively studied to understand the insulator conductor transition in percolative 
networks [75, 76]. Concerning a segregated particle network it has been proposed 
that for spherical particles the following relationship should hold [85]: 

__- 2 99 —^ 

100 -cp c • D p 

where (p is the percolation threshold in vol% and D and D are the diameters of 
the polymer and the nanoparticle respectively. In a very recent work Luechinger 
et al. [86] studied electrical conductivity of C/Co-PEO and C/Co-PMMA nanocom¬ 
posites whereby a very low percolation threshold of 0.81 vol% C/Co could be 
obtained. This low threshold resulted from a segregated C/Co-network located at 
the polymer-polymer interfaces which was corroborated by SEM-micrographs and 
a theoretical model. Despite numerous studies, metal/insulator composites are still 
motivating basic studies because deviations from standard percolation theories have 
been observed in many systems and some of them remain largely unexplained (as 
cited above, one of the “anomalous” behaviors observed in metal/insulator mixtures 
is the absence of permittivity divergence at the percolation threshold). A recent 
paper of McLachlan and Chiteme gives a good summary of such singular systems 
and the questions they raise about percolation theories [69]. 

To obtain thinner high-dielectric permittivity ceramic/polymer composite films, 
it is necessary to study nanocomposites that could endure the repeated changes of 
the heating-cooling processes when the films serve as dielectric in multilayer 
embedded micro-capacitors. As dielectric materials, dielectric permittivity should 
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increase as high as possible. But in a few cases [58, 87] results showed that the 
dielectric permittivity of polymer-matrix composite with micrometer-sized ceramic 
particles was a little higher than that with nanosized particles. This was because, 
tetragonality of the micrometer-sized particle is better than that of the nanosized 
one. Nevertheless, the thermal stability and mechanical properties of the composites 
will be improved when the inorganic nano-filler replaces the micro-filler in the 
polymer composites. Also, frequently, nanoparticles impart some particular properties 
to the composite only when the particles are homogenously dispersed in the polymer 
matrix. The polymer composites with electro-active ceramic nanoparticles were 
prepared using ball-milling and a sol-gel process [58, 87, 88]. BaTi0 3 /polyvinylidene 
fluoride (BT/PVDF) nanocomposites were prepared via a natural adsorption action, 
which occurred between the nano-sized BT and PVDF particles [48]. The BT/ 
PVDF nanocomposites without obvious BT agglomerations provided the hope of 
the application of the BT/PVDF nanocomposites as an alternative dielectric to 
embedded micro-capacitors as a result of this simple and convenient technology. 
Figure 6.4 [48] shows the dependence of the dielectric permittivity and loss of the 
BT/PVDF nanocomposites on the volume fraction of nanosized BT at different 
frequencies at room temperature. 

Despite the positive effects of embedded nanocomposite capacitors, there is a 
critical issue that needs to be considered in-depth: “yield” in the manufacturing 
process, since embedded passive technology does not offer the luxury of reworka¬ 
bility, as in the case of discretes. A single defect could result in discarding the entire 
board with hundreds of pre-fabricated components. 



f 

* / BaTi0 3 


Fig. 6.4 Dependence of dielectric permittivity (left) and loss (right) of the BT/PVDF nanocom¬ 
posite on the volume fraction of nanosized BT at different frequencies at room temperature. The 
inset is a comparison of the experimental value in dielectric permittivity to the calculated results 
using the Maxwell-Garnett approximation. (Reprinted with permission from [80]. Copyright 
(2005) Wiley VCH) 
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6.2.2 Lithium Ion Batteries 

The improvement of preparation technology and electrochemical performance of 
electrode materials is a major focus of research and development in today’s world. 
Particularly, the large scale demand for lithium rechargeable batteries or secondary 
batteries in day-to-day electronics (cellular phones, laptop computers, camcorders, 
and so forth) provided the thrust to improve their energy density, cycle life, and safety. 
Lithium rechargeable batteries have higher voltage (nominal voltage for Lithium ion 
battery is 3.6 V), higher energy density or specific energy (125 W h/kg L), and longer 
cycle life (>1,000 cycles) compared to conventional batteries, such as lead-acid, [89, 
90] Ni-Cd, Ni-MH, [91, 92] and Ag-Zn. The performance characteristics of second¬ 
ary batteries are listed in Table 6.3 [93]. Also, large-scale Li-ion batteries have great 
potential for electric vehicles and stationary energy storage systems. 

The performances of Li-ion batteries are mainly influenced by the specific 
capacity and quality of the anode and cathode. During charge and discharge proc¬ 
esses, Li ions from cathode intercalate into the crystal structure of anode and then 
the ions reverse direction, leaving the anode, and re-entering the cathode structure, 
respectively [94-96]. To achieve high cycling efficiency and long cycle life, the 
movement of Li ions in anode and cathode systems should not change or damage 
the crystal structure. Hence the physical, structural, and electrochemical properties 
of the cathode materials are critical to the performance of the whole battery as they 
provide the lithium ion source for the intercalation reaction. Figure 6.5 [98] shows 
a graphical representation of the energy storage capability of common types of 
secondary batteries. 

Metallic lithium with excellent energy density was used in earlier batteries as an 
anodic material despite its high reactivity, which resulted in severe safety problems. 
For example, the dendrites grown while electroplating of Li onto the anode during 
charging reach the cathode resulting in an internal short, thereby leading to combus¬ 
tion of the Li. To overcome the problems of metallic lithium, a number of approaches/ 
efforts were made. Scrosati et al. reported replacing metallic Li anode in Li secondary 
batteries with Li-insertion type of anodes [99]. Use of carbonaceous materials like 
graphite and artificial carbon having a graphite structure as anode materials for com¬ 
mercial lithium-ion batteries was also reported [100, 101]. However, the capacity of 


Table 6.3 Comparison of the performance characteristics of some secondary batteries [38]. 


Battery 

Nominal volt¬ 
age (V) 

Specific energy 


Volumetric energy 

(W h/kg) 

(kJ/kg) 

(W h/1) (kJ/1) 

Pb-acid 

2 

35 

126 

70 

252 

Ni-Cd 

1.2 

40 

144 

100 

360 

Ni-MH 

1.2 

90 

324 

245 

882 

Ag-Zn 

1.5 

110 

396 

220 

792 

Li-Ion 

3.6 

125 

450 

440 

1584 

Li-SPE 

3.1 

400 

1,440 

800 

2,880 
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Fig. 6.5 Energy storage capability of common rechargeable batteries (Reprinted with permission 
from [97]. Copyright (2004) American Chemical Society) 


graphite (372 mAh/g) was limited compared to that of lithium metal (3,860 mAh/g) 
[102]; but on the positive side, this has opened up new avenues for the deployment 
of transition metal oxides [103-105], metal-metal alloys [106-108], transition metal 
vanadates [109], ATCO anodes [77, 110], metalloids, lithium metal oxides [111], 
such as LiMSn0 4 [112], phosphates [113], niobates [114], and spinel-type ferrite 
anodes, viz. CoFe 2 0 4 [115], NiFe 2 0 4 [116, 117], ZnFe 2 0 4 [118], and CaFe 2 0 4 [119] 
for their high specific capacities and facile synthesis. 

The introduction of Stalion lithium ion cells by Fuji Photo Film Celltec [95,120,121] 
whose anodes consisted of amorphous tin-based oxides instead of carbonaceous- 
based materials also laid the foot steps to a new generation of Li ion rechargeable 
batteries in the early 1990s. Materials such as Sn0 2 , SnO and tin glass were shown 
to have twice the theoretical gravimetric capacity and four times more theoretical 
volumetric capacity as anode active materials than carbonaceous materials [122- 
126]. This led to the investigation of new materials that are capable of alloying with 
lithium such as Al, Sn, Pb, In, Bi, Cd, Ag, Mg, Zn, Si, and Sb [123, 124, 127]. 
These materials though showed satisfactory Li-ion transport properties, good lith¬ 
ium packing density and electrochemical potential, a substantial change in specific 
volume of the electrode upon continuous cycling resulted in loss of electrical contact, 
and thus capacity loss as well as macroscopic dimensional problems within the cell 
structure. For example, a large irreversible capacity loss at the first cycle due to a 
reduction reaction [127] prevented tin oxide anode materials from having any 
practical application. According to previous reports, tin oxides are reduced during 
the first discharge to form fine particles of tin and inactive phases like Li 2 0, which 
slowed the growth of tin [123] leading to an excessive usage of cathode materials. 
Also, large tin oxide particles pulverize rapidly during discharge and charge cycles 
due to volume mismatch, resulting in a rapid drop in reversible capacity upon cycling. 
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In case of small particles, because the nanometer sized cavities within powders 
absorb the expansion of materials during the formation of lithium compounds, 
pulverization was thought to be less extensive. Silicon has the highest theoretical 
capacity of 4,000 mAh/g when forming Li 42 Si alloys. However, this alloying process 
is associated with a 300% volume dilatation, pulverizing the brittle electrode and 
inducing poor cyclability [6]. Limitation of cycling depth with a very thin reaction 
layer [128, 129], reducing the metal particle size [95, 130], or construction of 
bonded electrodes using Li + -conducting intermetallic phases [6, 131] were among 
the several methods proposed to solve the problem of volume expansion. It was 
thus postulated that nanostructured or amorphous electrodes may reduce the extent 
of pulverization, and thereby improve the cycle life of the electrode [132, 133]. 

Since many nanomaterials show higher reversible capacity than the corresponding 
micro-sized materials for anodes of lithium ion batteries, they have attracted great 
interest for lithium secondary batteries [134-138]. Carbon nanotubes [139-143], 
intermetallics, nanocomposites [98, 144], nano-oxides [104, 144-146], nanocrys¬ 
talline thin films [147] are some examples, which have been reportedly used as 
anode materials to improve lithium storage capacities. Among these, single walled 
carbon nanotubes (SWNTs) showed a reversible capacity of 600 mAh/g [143]; a 
nanocomposite of Si [148] exhibited better cycling performance and reversible 
capacity of over 1,700 mAh/g at room temperature; and nano-sized transition-metal 
oxides delivered a Li storage capacity of -700 mAh/g with 100% capacity retention 
for up to 100 cycles [104]. Chen et al. [45] reported the usage of nanocomposites 
of carbon nanotubes with Sn 2 Sb alloy nanoparticles as anode material for Li ion 
batteries and showed that the first cycle de-lithiation capacity of 580 mAh/g from 
a carbon nanotube-56 wt% Sn 2 Sb nanocomposite was reduced to 372 mAh/g after 
80 cycles. Moreover, Sony commercialized [149] the first tin-based anode battery 
in February 2005, and Toshiba Corporation in March 2005 announced [149] a 
breakthrough technology using nanoparticles as negative electrode of Li-ion batteries. 

Further, Li et al. [134, 135] reported high capacity and good cyclability for 
nanostructured tin oxides prepared by templating technique. Likewise, Yang et al. 
[133, 138] found that ultra-fine Sn-SnSb particles with d p < 300 nm substantially 
raise the electrochemical performance of tin based alloys. The authors have attributed 
the improvement to the stabilization of the nano-sized alloy particles against 
agglomeration during Li insertion and extraction reactions. Carbon nanotubes were 
also used as one-dimensional hosts for the intercalation of Li and other alkali metals. 
It was demonstrated that multi-walled carbon nanotubes (MWNTs) could accommodate 
very high Li concentrations if insertion was carried out in the molten state at high 
pressures [150]. Reversible capacities were found to be in the range of 80-640 mAh/g 
for carbon nanotubes, in general, and further increase after ball milling. For example, 
Chen et al. reported the reversible capacities for single-walled nanotube electrodes 
after ball milling from 600 to 1,000 mAh/g [141,151,152]. However, a large voltage 
hysteresis in the first electrochemical extraction reaction of Li + was observed in all 
studies, in turn dampening the interest in using nanotubes as a viable Li-ion storage 
compound. 
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In addition, aggregation of nanotubes during cycling is a major challenging 
problem, which gives rise to poor cycling performance and thus limiting their 
practical applicability. Many efforts were put-forth to disperse the nanoparticles 
homogeneously in a matrix [153] and also to synthesize metal-encapsulated 
spherical hollow carbon [154], in order to improve their cycling behavior. But, 
none of these methods resulted in significant progress. A few studies were also 
focused at the usage of nanocomposites as anode materials in Li-ion batteries [6, 
45, 95-98, 100, 102, 131, 155-157]. 10.3 wt% 3.5 nm Sn-graphite nanocomposite 
made from an in situ formed SnCl 4 precursor displayed a high reversible Li + storage 
capacity of 415 mAh/g, of which 91.3% was retained after 60 charge and dis¬ 
charge cycles, and demonstrated that particle size and distribution are both very 
important factors determining the applicability of Sn-based nanoparticles in Li-ion 
batteries [158]. 

It is always highly desirable to apply simple and highly productive techniques to 
produce both the anode and cathode materials despite the various methods available 
for the production of the ultrafine nanoparticles used in Li-ion batteries. Spray 
pyrolysis, an in situ fabrication technique, is one such method because it is inex¬ 
pensive, versatile, industrially oriented, and can be operated over a large tempera¬ 
ture range (100-1,000°C) [128, 129, 159, 160]. Martos et al. [129, 159] used 
sprayed lead oxide powders as anode material in Li-ion batteries and showed that 
the specific capacity fades on cycling when bulk powders were used. Recently, Ng 
et al. [95] have suggested the addition of a carbon source (sucrose solution) to 
enhance the electric conductivity of PbO [160-162]. The combination of spray 
technology and carbon addition increased the specific surface area (above 6 m 2 /g 
and the conductivity of PbO, improved the specific capacity, and maintained a cycle 
life with a reversible capacity above 100 mAh/g beyond 50 cycles) [95]. The 
increase in capacity retention for PbO-carbon compared to pure PbO was attributed 
to the presence of a conductive and highly developed carbon matrix (an excellent 
electric conductor) that can absorb large volume changes during alloying/dealloy¬ 
ing of lead with [163, 164] lithium over the 1.50-0.01 V potential range. Also, with 
increasing carbon content, an improved cycle life of the PbO-carbon nanocompos¬ 
ites was reported (Fig. 6.6 [95]). 

Different from the traditional methods (polymer coating, self assembly and layer 
by layer formation [136]) to synthesize core/shell nanocomposites, Fu et al. 
employed emulsion polymerization method followed by heat treatment to synthe¬ 
size the core/shell structured Ti0 2 /C nanocomposites [155, 165]. These nanocom¬ 
posites proved to be a good way of improving the cycling behavior and kinetics of 
lithium intercalation and de-intercalation of nano-titanium oxides [156]. They have 
shown that the thickness of carbon shell and the number of Ti0 2 nanoparticles in 
the shell can also be controlled. In Fig. 6.7, [156] the discharge and charge curves 
of virgin Ti0 2 and Ti0 2 /C nanocomposite electrodes are shown. The charge capacity 
of Ti0 2 /C nanocomposite remained at 96.7% (i.e., 118 mAhg -1 titania) of its 
original capacity (i.e., 122 mAh/g titania) even after 10 cycles, which was much 
higher than that of virgin Ti0 2 nanoparticles whose anode retained only 67.5% of 
the original capacity. This was thought to be due to the suppression of the aggregation 
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Fig. 6.6 Cycle life of PbO-C nanocomposites. The current density was 0.100 mA/cm 2 . The inset 
figure presents the specific capacity vs. cycle number data for the bare carbon powder and the 
current density applied was also 0.100 mA/cm 2 (Reprinted with permission from [40]. Copyright 
(2006) Electrochemical Society) 



Fig. 6.7 Discharge and charge profiles of: (a) the virginal Ti0 2 nanoparticles and (b) the Ti0 2 /C 
core-shell nanocomposite at a constant current density of 0.1 mA/cm 2 (0.25 C) in the voltage 
range 1.4-2.5 V (Reprinted with permission from [37]. Copyright (2006) Elsevier) 


of nanoparticles by the coated carbon shell. They also reported that the nanocom¬ 
posites exhibited higher apparent diffusion coefficients of lithium ions compared 
with virgin Ti0 2 nanoparticles. 

For the first time, Selvan et al. [96] have reported the use of CuFe 2 0 4 /Sn0 2 
nanocomposites (synthesized by means of a urea-nitrate combustion method) as 
anode materials for Li-ion batteries. They showed that the electrochemical activity 
of native CuFe 2 0 4 was enhanced through the incorporation of Sn0 2 and also identified 
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the advantages of deployment of nanocomposite electrodes and the effect of Sn0 2 
dopant in reducing the Li+ ion diffusion path lengths so as to enhance the diffusion 
kinetics and impart improved charge-discharge characteristics. The coulombic 
efficiency of copper ferrite anodes is improved from 65 to 99.5% through Sn0 2 
doping. Figure 6.8 [96] represents the charge-discharge profiles exhibited by 
CuFe 2 0 4 and CuFe 2 0 4 /Sn0 2 anodes. The high specific capacity values exhibited by 
both the ferrite anodes (>800 mAhg [20] were attributed to the electrochemically 
driven size confinement of the nano electrodes. 

The nano CuFe 2 0 4 anode and CuFe 2 0 4 /Sn0 2 nanocomposites delivered an 
improved specific capacity of 1,193 and 849 mAhg -1 , respectively, which were 
almost three times higher than that of a carbon anode (372 mAh/g). Ahn et al. [102] 
also have investigated the effect of dispersion of alumina particles on the electro¬ 
chemical properties of Sn, Sn0 2 , and tin based intermetallic Ni-Sn as anode materi¬ 
als for Li-ion batteries. They have synthesized various tin-based nanocomposite 
anodes with A1 2 0 3 , using high-energy ball milling. The first charge (Li-insertion) 
capacities were found to be very high for these composite electrodes. However the 
nanosize oxide dispersion did not improve cycle properties of tin-based anodes. 



Time (Hr) 



Fig. 6.8 Charge-discharge profiles exhibited by (a) CuFe 2 0 4 and (b) CuFe 2 04/Sn0 2 anodes 
(Reprinted with permission from [131]. Copyright (2006) Elsevier) 
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Fig. 6.9 Change in charge capacities on cycling for different nanocomposites (Reprinted with 
permission from [22]. Copyright (2003) Elsevier) 


Figure 6.9 [102] shows the change in charge capacities for different nanocompos¬ 
ites on cycling. 

Furthermore, nano-dispersed Si in carbon synthesized by chemical vapor deposition 
(CVD) had demonstrated a reversible capacity of 500 mAhg -1 . However, the CVD 
approach produced SiC and the morphology of Si and C cannot be controlled [166]. 
Nanostructured thin-film form of Si electrode was investigated by some researchers and 
they reported a specific capacity of around of 1,100 mAh/g [167, 168]. Nano Si-C 
composite prepared by hand mixing has been reported to have a high reversible capacity 
of 1,700 mAh/g by Li et al. [148]. Also crystalline Si powders have been dispersed in 
sol-gel graphite [169], in a TiN matrix [153], and in synthetic graphite [170], by ball 
milling. All the Si-C composites mentioned, exhibited increased specific capacity 














250 


S.K. Samudrala and S. Bandyopadhyay 


compared to bare graphite, and improved cyclability compared to bare Si electrodes. 
Wang et al. [157] have reported the synthesis of nanostructured Si-C composites by 
dispersing nanocrystalline Si in carbon aerogel. A reversible capacity of 1,450 mAhg -1 
for Si-C composite electrodes (Fig. 6.10a [157]) was reported. The good cyclability 
was attributed to the usage of nano-sized Si powders and their homogeneous distribu¬ 
tion (Fig. 6.10b [157]) in an amorphous carbon matrix. 
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Fig. 6.10 (a) The discharge capacity vs. cycle number for Si-C electrode, (b) TEM image of 
nanocrystalline Si-C composites (Reprinted with permission from [171]. Copyright (2004) 
Elsevier) 
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A challenge in working with nanocomposites and nano structured materials 
derives from difficulties in obtaining adequate structural characterization, espe¬ 
cially, as they often lack long-range order. For example, although XRD can 
yield valuable information regarding structural changes that occur in the host 
material during Li + insertion, the poor crystallinity of organic-inorganic hybrid 
nanocomposites limits the applicability of this technique. So the results obtained 
exclusively from this technique should be addressed in terms of their accuracy. 
Nuclear magnetic resonance technique is proved to be a better alternative for 
this purpose. 


6.2.3 Integrated Circuits 

Meso-, micro-, and nano-porous materials are of much interest in the microelec¬ 
tronics industry due to their potential use as low dielectric constant (low-/:) inter¬ 
dielectrics [35, 122, 172-174], in integrated circuits (ICs) with multilayer 
structures. They can lower line-to-line noise in interconnects and alleviate power 
dissipation issues by reducing the capacitance between the interconnect conductor 
lines. In addition to providing device speed improvements, low-/: interdielectrics 
also provide lower resistance-capacitance delay, making them superior to low 
resistivity metal conductors such as copper and silver [33, 173, 175]. Thus, inter¬ 
dielectric materials with k « 2.5 are in high demand in the microelectronics indus¬ 
try, which is rapidly developing advanced ICs with multilayer structures that have 
improved functionality and speed in a smaller package and also consume less 
power [33, 173, 175]. 

As per “The Semiconductor Industry Association’s International Technology 
Roadmap” for semiconductor materials, materials with an effective k of 2.5-3.0 
are in production today, and that in the near future, material systems that deliver 
an effective k < 1.9 are expected to be available, in particular for 50 nm or less 
feature size technology based on copper metallization [175]. However low -k 
dielectric materials must meet the thermal stability requirements of the metalli¬ 
zation processing of ICs. For example, low-/: nanoporous materials should with¬ 
stand high temperatures during the processes like copper metallization, which 
are conducted at <250°C; and generally, are followed by thermal annealing in 
the range 400-450°C to ensure the production of void-free copper deposits. 
Moreover, these materials also have to meet conditions such as [35, 176]: low 
moisture uptake, high purity, good adhesion to silicon, silicon oxide and metals, 
good planarization behavior, and appropriate plasma etching behavior. 
Interdielectric materials also have to be able to withstand harsh chemical 
mechanical polishing (CMP) conducted with an aqueous slurry containing an 
abrasive (e.g., alumina particles) and an oxidant and/or complexing agent (e.g., 
nitric acid or ammonium hydroxide) to remove excess metal during the metal 
inlay process [35, 176]. 
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A wide variety of polymers have been reported as potential low-/: materials for 
use in the development of advanced ICs such as polyimides, heteroaromatic polymers, 
poly aryl ethers, fluoropolymers, non-polar hydrocarbon polymers, and poly silsesqui- 
oxanes [34, 164, 177, 178]. The dielectric films of these materials can be deposited 
from the gas phase with chemical deposition, plasma enhanced chemical vapor 
deposition, and other techniques. Polytetrafluoroethylene has a k value of 2.2, the 
lowest reported so far for such polymers. However, its very poor mechanical prop¬ 
erties, poor interfacial adhesion and poor processability out-list PTFE for use in the 
fabrication of ICs. Nevertheless, the k value of these polymers (k ~ 2.5) is lower 
than those of today’s workhorse dielectrics silicon dioxide (k = 3.9^1.3) and silicon 
nitride (k = 6.0-7.0), and still much higher than that of air (or vacuum), k = 1.01, 
which is possibly the lowest value attainable. So, the idea of incorporating air into 
dielectric materials as nano-pores to produce nanoporous materials with low k values 
has attained much interest [33, 173, 174]. To prevent the metal diffusion into the 
interdielectric layers during the IC fabrication, the nano-pores have to be at least 
5-10 times smaller than the minimum IC metal feature size. 

The dielectric constant obtained is limited primarily due to the intrinsic dielectric 
constant of the matrix and the sizes of the dispersion pores in the materials. The 
ultimate aim of the introduction of nanometer-sized pores into these materials is to 
increase the amount of free space. Matrices containing homogeneous, nanometer- 
scaled, and closed pores were preferred in terms of their electrical and mechanical 
properties and the effect porosity on dielectric constant can be predicted using 
simple models, such as the Bruggeman effective medium approximation [34]: 




K + 2 K 


+ fi 


KzK 

k 2 + 2 k e 


= 0 


where, /j and f 2 represent the fractions of the two components, k { and k 2 are the 
dielectric constants of the components, and kis the effective dielectric constant of 
the material. The assumption here is that the material has two components, matrix 
and pores. When the porosity exceeds 30%, the pores will become percolated or 
interconnected causing local trapping of moisture and chemicals, which leads to an 
increase in dielectric constant, and crack formation. 

Films of poly(p-phenylene biphenyltetracarboximide) containing 27 wt% hollow 
sphere silica nanoparticles (with refractive index of 1.7007 at a wavelength of 
830 nm) were prepared by thermal sintering of monolithic silica aerogels [35]. 
These hollow nanoparticles were thermally stable and withstood temperatures of up 
to 500°C, which made them useful for incorporation in organic polymers such as 
polyamide, other high temperature polymer dielectrics and inorganic dielectrics 
such as silicates and organosilicates. However the size of these nanoparticles 
(150 nm) was larger than the actual metal features of the advanced ICs. 

Generally, studies on porous materials were based on two routes: (a) thermal 
decomposition of polymer blends or by block copolymers and (b) blending of a 
highly thermal stable polymer [179-181] with an unstable one. Carter et al. [180] 
developed a highly fluorinated polyimide with low dielectric constant of k < 2.3 by 
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Table 6.4 Dielectric constant of polyamide nanoporous materials [29] 
PEO-POSS in feed 


Sample 

wt% 

mol% 

Dielectric 
constant (K) 

Thermal expansion coeffi¬ 
cient (ppm) 50-250 (°C) 

Measured | 
density (g/cc) 

PI-OP 

0 

0 

3.25 

38.2 

1.38 

PI-2P 

2 

0.0007 

2.88 

42.3 

1.31 

PI-5P 

5 

0.0017 

2.43 

46.5 

1.18 

PI-10P 

10 

0.0034 

2.25 

55.8 

1.09 


using the nano-foam approach. However, fluorinated polymers have inadequate ther¬ 
mal stability for use in integration procedures, and there are issues for fluoric acid 
evolution during processing and reactions with the metals used [182, 183]. Block 
copolymers usually consist of a highly temperature-stable block and a thermally 
labile block that acts as the dispersed phase through the curing process, which makes 
them good candidates for templates. Thermolysis of the labile blocks leaves pores of 
sizes and shapes that correspond to those present in the initial copolymer’s morphol¬ 
ogy. A number of reports [179, 180, 182] described the synthesis of porous structures 
of high temperature thermoplastic materials (Tg > 350°C) from block copolymers. 
Lee et al. [184] synthesized nano-porous polyimide films through the use of a hybrid 
poly(ethylene oxide)-polyhedral oligosilsesquioxane (PEO-POSS) template. Reduced 
dielectric constant of k = 3.25-2.25 of the porous hybrid films with pore sizes in the 
range of 1CM0 nm were reported. Table 6.4 [184] gives the dielectric constants of the 
various composites having different POSS contents. 


6.2.4 Transistors 

Field effect transistors (FETs) play a significant role in modem electronics as they 
are inherent parts of various devices, for example, computer chips. It is crucial to 
develop novel device geometries to optimize gate electrostatics needed for efficient 
ON-OFF switching for highly scaled molecular transistors with short channels [1]. 
Composite materials based on the coupling of conducting organic polymers (COPs) 
and carbon nanotubes (CNTs) offer an attractive route to introduce electronic prop¬ 
erties [20, 185-188]. Some of the COPs used are polyaniline (PANI) [5, 189-191], 
polypyrrole (PPY) [192-194], polythiophene (PTh) [195], poly(3,4-ethylenedioxy 
thiophene) (PEDOT) [193, 194, 196], poly(p-phenylene vinylene) (PPV) [186], and 
poly(m-phenylene vinylene-co-2,5-dioctoxy-/?-phenylene) (PmPV) [192, 197]. 
It was also suggested that in COP/CNT composites, either the polymer functionalizes 
the CNTs or the COPs are doped with CNTs, i.e., a charge transfer occurs between 
the two constituents [1]. Qi et al. [198] showed that SWNT-contacted P3HT FETs 
exhibited higher current modulation of three orders of magnitude than the metal 
contacted devices over a same gate voltage (-2 to 2 V gate range). However, there 
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are many problems associated with the use of carbon nanotubes to be overcome, if 
their potential towards the field of transistors has to be fully realized, which will be 
briefly discussed in this section. 

Carbon nanotubes, particularly, single-walled carbon nanotubes (SWNTs) 
generated much interest as they possess unique electronic properties, high chemical 
stability, impressive mechanical strength and excellent thermal and electrical stability 
[12, 26, 27]. Their potential use in a variety of technologically important applications, 
such as electronic devices, field effect transistors, molecular diodes, memory elements, 
logic gates, molecular wires, high strength fibers, sensors, and field emission is 
very well established [12, 32]. Dekker [199-201], Lieber [202-204], and Avouris 
[205] demonstrated that SWNTs can be used as semiconducting channels in functional 
field effect transistors (FETs) and also outperform comparable Si-based devices 
[32]. Dai and co-workers showed that SWNTs can act as chemical sensors, where 
exposure to specific gases, including ammonia, hydrogen and N0 2 alters nanotube 
conductivity by up to three orders of magnitude within several seconds of exposure [32]. 
However, their structural resemblance to graphene, limits their flexibility for practical 
applications due to their high chemical stability and insolubility in most organic 
and aqueous solvents. This limiting factor must be overcome if carbon nanotubes 
are to be utilized, especially in the preparation of blends with conventional polymers, 
molecular electronics, and the production of homogeneously dispersed conducting 
layers within electroluminescent devices [12, 32]. 

To modify their structure, especially to improve their solubility, compatibility, 
chemical reactivity, and electronic properties [12] generally, CNTs are functionalized 
with various organic, inorganic, and organometallic structures using both covalent and 
non-covalent approaches with a primary focus of improving the solubility properties. 
Initial success was achieved by functionalizing carboxylic acid groups, formed at 
the ends and defective sites of SWNTs during oxidative purification/shortening 
through amidation with alkylamines such as octadecylamine [206]. Later, this 
approach has been extended to the attachment of organometallic complexes, including 
Vaska’s complex [207] and Wilkinson’s catalyst [208], inorganic nanocrystals such 
as CdSe [209] and Au, DNA, and various other biological molecules, dendrons, and 
polymers. Another strategy for SWNT functionalization involves the use of side-wall 
reactions such as fluorination with elemental fluorine, 1,3-dipolar cyclo addition, 
electrochemical reduction of diazonium salts, and direct addition of nitrenes, 
carbenes, and radicals to the unsaturated n -system of the nanotubes. The covalent 
functionalization strategies opened up a wide range of chemistry that can be per¬ 
formed on the sidewalls of carbon nanotubes, which allow chemists to control the 
properties of these nanoscale materials. 

Functionalization with monolayer protected nanoclusters (MPCs) is highly 
promising and many researchers have focused on gold nanoclusters because of their 
special optical properties, unusual electronic properties, remarkably high catalytic 
activity, and so forth. MPCs are generally organized on pre-functionalized nanotube 
surface either by covalent, hydrophobic or hydrogen bonding. Geckeler et al. 
arranged gold nanoparticles on SWNTs by the addition of metal salts to surfactant- 
suspended SWNTs in water using the solution phase dispersion technique [12]. 
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Recently, Mahima et al. [12] reported an electrochemical route to assemble monolayer 
protected gold nanoclusters (AuMPCs) on the surface of SWNT bundles, by applying 
an external potential. This electrochemical process for preparing hybrid nanoscale 
materials has added advantages compared to other chemical routes, which normally 
include undesirable sidewall reactions, tedious purification processes, and shortening 
of the tubes due to the use of strong oxidizing agents, which introduces defects on 
the side-walls, making them less useful for potential electronic applications. The 
authors reported significant enhancement in double layer capacitance (almost ten 
times greater) for these hybrid materials as compared to bare SWNTs. 

Further, a number of recent reports have concentrated on supramolecular 
functionalization of SWNTs, especially with polymeric structures. Aromatic side- 
walls of nanotubes provide the possibility for 71-stacking interactions with conjugated 
polymers as well as polycyclic aromatic hydrocarbons [32]. Substituted pyrene 
molecules were also employed for surface attachment of a number of functionalities 
where the appended structure has been used to attach proteins, polymerization ini¬ 
tiators, or aqueous solubilizing groups in a non-covalent fashion. So far, covalent 
attachment of polymers to carbon nanotubes has been mainly accomplished using 
a “grafting to” approach, in which the polymer is first prepared and then reacted 
with the carboxylic acid functionalities of the SWNTs. 

As different from that approach, Yao et al. [32] described a “grafting from” 
approach to the “growth” of polymers from the surface of nanotubes by first covalently 
attaching polymerization initiators and then exposing the nanotube-based macro¬ 
initiators to monomers. It was believed that a higher incorporation of polymers would 
result relative to the “grafting to” approach because this approach strictly involves 
the reaction of the nanotubes with small molecules. They investigated the use of 
atom transfer radical polymerization (ATRP) which has been shown to be a highly 
versatile technique for the controlled radical polymerization of acrylate based 
monomers from the surface of nanoscale structures. SWNTs were functionalized 
along their side-walls with phenol groups using the 1,3-dipolar cyclo addition reac¬ 
tion and the phenols were further derivatized with 2-bromoisobutyryl bromide, 
resulting in the attachment of atom transfer radical polymerization initiators to the 
sidewalls of the nanotubes. They also reported that nanotubes functionalized with 
poly(methyl methacrylate) were found to be insoluble, while those functionalized 
with poly(tert-butyl acrylate) were soluble in a variety of organic solvents. The tert- 
butyl groups of these appended polymers were removed to produce nanotubes 
functionalized with poly (aery lie acid), resulting in structures that were soluble in 
aqueous solutions [32]. 

Due to their low carrier mobility, conducting polymer based thin film transistors 
suffer from inferior performance when compared to inorganic crystalline semicon¬ 
ductors [1,5]. The properties of the individual molecules and structural order of the 
molecules are the key factors determining the macroscopic properties of the organic 
semiconductor materials. Large 71-conjugation length, high degree of ordering, and 
molecular packing are important factors for carrier mobility in conducting polymers 
[210, 211]. Poly aniline is an outstanding conducting polymer in which the conductivity 
results from a process of partial oxidation. It is interesting because of its good stability 
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in the doped form and electronic properties. Based on morphological modification 
or electronic interaction between the two components, carbon nanotubes in conducting 
polymers were shown to possess properties of the individual components with a 
synergistic effect [20, 186, 194]. Carbon nanotubes will not only allow the carriers 
to be transported by providing percolation paths, but also help to improve the mobility. 
The transfer characteristics’ analysis of the field effect transistors (FETs) suggested 
that the carbon nanotubes have a higher carrier density than graphite and a hole 
mobility comparable to that of heavily p-doped silicon [212]. 

In the core shell structure of the polyaniline (shell)/CNT (core) nanocomposites 
obtained by in situ polymerization, the presence of CNTs have improved the polymer 
properties by (a) inducing additional structural ordering of the polymer; (b) enhancing 
thermal stability; (c) enhancing delocalization of charges in the composite; (d) 
improving the compactness and conjugation or chain length; and (e) improving 
charge carrier mobility [8]. These properties are desired for a material in the field 
of organic electronics. DuPont have developed polyaniline/carbon nanotube composites 
as printable conductors for organic electronics applications [29]. Ramamurthy et al. 
[213] reported that improvement in material consistency and reduction in defect 
densities will make these composites suitable for use in fabricating organic electronic 
devices. It was suggested that by finely dispersing the carbon nanotubes in a polym¬ 
erization medium, during in situ polymerization, a good level of homogeneity can 
be achieved further enhancing the material quality. 

Kuo et al. demonstrated poly aniline without any side chains to be the active 
layer in an organic thin film transistor (TFT) and high field effect mobility was 
observed [214]. Carbon nanotube nanocomposites used for thin-film transistors 
provide one of the first technologically-relevant test beds for two-dimensional het¬ 
erogeneous percolating systems. The characteristics of these TFTs are predicted by 
considering the physics of heterogeneous finite-sized networks and interfacial traps 
at the CNT/gate-oxide interface. TFTs based on two-dimensional networks of carbon 
nanotubes or silicon nanowires were recently explored for low voltage, high 
reliability, and high-speed applications in flexible macro-electronics [171, 215, 
216] as well as in CNT microelectronics [217, 218]. A number of technical difficul¬ 
ties remain, despite their promise to improve the performance of micro- and macro¬ 
electronics, such as: poor sub-threshold characteristics and lack of understanding of 
on-off current dependence on parameters such as the channel length, tube length, 
and the fraction of metallic tubes. Properties of these two dimensional CNT networks 
are controlled by the competition between heterogeneous networks of metallic and 
semi-conducting CNTs, a regime that has never before been explored. A predictive 
model is required to interpret experimental results and to expedite the development 
of this new class of TFTs. 

Kumar et al. [27] have developed a heterogeneous finite-size percolation model 
to explore the dependence of gate characteristics in the linear regime on tube density 
and metallic contamination for thin films made of randomly oriented nanotubes. 
The authors explained the on-off ratio before and after the breakdown of metallic 
tubes. The developed model also answered two questions of fundamental techno¬ 
logical importance: (1) What are the performance limits of network transistors free 
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Fig. 6.11 Dependence of (a) On-off ratio and (b) On-current on network density before and after 
the removal of metallic tubes. L s = 10 pm, L c = 2 pm, and H- 35 pm. The network drops below 
the percolation limit after breakdown for the tube density indicated by arrows (Reprinted with 
permission from [7]. Copyright (2006) AIP) 


from metallic tubes (f m (metallic tube fraction) = 0)?, and (2) given a technology- 
specific / m , what is the maximum density of tubes that will preserve a high on-off 
ratio? Figure 6.11 [27] represents the results obtained from the model for the on-off 
ratio before and after the break down. Close agreement between numerical results 
and different experimental observations was also achieved demonstrating the 
capability of this model to predict the characteristics of CNT/nanowire-based 
TFTs. Such predictive models would simplify device optimization and expedite the 
development of this nascent TFT technology. 

Organic thin film transistors though attracted a great deal of interest (as critical 
components for the fabrication of low cost and large area flexible displays and sensors), 
the major problem in using them in the logic circuits is the requirement of high 
operating voltage. This problem needs to be focused in order to realize the full 
practical applicability of these materials. 


6.2.5 Information Storage 

It is evident that modern information systems, in particular, electronic systems 
inevitably reach the fundamental technological, physical, and functional limitations. 
The fact that fiber optics communications is an advanced field of business today shows 
that from the view-point of information carrier, photon is considered as an alternative to 
electron [10]. Telecommunication networks mainly develop in a so-called “third 
telecommunication window,” i.e., in the range of silica fiber (minimum absorption near 
the wavelength of ~1.5 pm), and erbium doped optical fibers (generally, used for ampli¬ 
fication of optical signals [70] to achieve high amplification with low noise [219]). 
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Photonic devices based on integrated optics and hybrid systems that use micro-laser and 
other micro- and nano-optical elements are playing a significant role. These systems 
demand a short effective gain length and, consequently, a higher concentration of active 
medium. To meet this new active media, methods that obtain high doping concentra¬ 
tions should be used and also concentration quenching be surmounted. 

Photonic crystals (periodic quantum-dimensional systems) present a new type of 
artificial media possessing a spatial periodicity of optical properties with the period 
of the order of optical wavelength [219]. There are possibilities to control photons 
in such media, which are advanced in various fields of modern optics and nano¬ 
photonics. It was reported that most promising technologies for forming new media 
with quantum-dimensional properties are those based on self-organizing systems 
[219]. Photoluminescence of nanocomposites based on cubic packing Si0 2 nano¬ 
spheres (opal matrices) and porous anodic alumina (PAA) doped with erbium and 
other rare earth elements, vs. the element structure, concentration of rare earth ions, 
matrix composition, optical properties, and technology was studied by Tsvetkov 
et al. [219]. Fig. 6.12 [219] shows the images of these materials. They also discussed 
the possible application of 3D-(space) and 2D-(planar) nanocomposites in systems 
of optical information transfer, storage, and processing. 

The progress of information technology depends critically on the development of new 
materials for high density optical and magnetic memory storage. The last decade has 
seen a great research effort in the case of optical data storage, geared towards develop¬ 
ment of bit-oriented 3D, or multilayered, optical memories based on a variety of materials. 
3D media promises a dramatic increase in memory capacity as the storage density scales 
as MX 2 and 1/A 3 , where A is the wavelength of the reading beam, for 2D and 3D optical 
memories, respectively [221]. Rentzepis et al. [222] explained the approach of bit- 
oriented 3D optical memory based on two-photon writing for the first time. It was shown 
that simultaneous absorption of two photons from overlapping laser beams led to excita¬ 
tion of the photochromic molecule, spirobenzopyrane, which was molecularly dispersed 
in a polymeric matrix. The intersection of the two laser beams at different spots in the 
material led to spatially resolved photochemical changes in the bulk material. The “written” 
state was sufficiently stable to be accessed or “read” [221]. 

A variety of media, have explored the use of photoinduced effects such as pho- 
tochromism, photorefractivity, photobleaching, carbonization, microexplosions, 
photoluminescence, and photopolymerization as the basis for information storage, 
while a broad range of microscopy techniques have been used to read the data written 
in 3D space [219, 223-225]. All these research studies have considered homogeneous 
recording medium (storage density can be as high as 10 12 bits/cm 3 ) [219, 223, 225]. 
In other words, it was either represented by a single-component photosensitive film 
material or contained low-molecular-weight photosensitive species uniformly dispersed 
in a film-forming matrix. Si wick et al. [10] reported the use of a hexagonally close- 
packed (HCP) array of fluorescent particles periodically embedded in an optically 
inert polymer matrix. Optical recording in the nanocomposite was accomplished by 
photo bleaching the fluorescent dye incorporated in the particles with a laser confocal 
fluorescence microscope [10]. However, they showed that their approach did not 
exploit the periodically modulated optical properties of the nanocomposite since 
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Fig. 6.12 Images of (a) opal matrix, (c) Er 3+ -doped opal matrix, and (d) porous anodic alumina 
obtained by electron microscopy; (b) image of opal film obtained by optical microscope 
(Reprinted with permission from [220]. Copyright (2005) Elsevier) 


each “written” mark contained up to 500 fluorescent beads. Later, they reported 
another study in which the full potential of the nanocomposite was realized by using 
every photo-sensitive core particle as a bit storage bin. Two-photon fluorescent dye 
excitation was employed to induce local photo- bleaching of the fluorescent micro¬ 
beads. The effective optical storage density was increased by a factor of two over 
conventional bulk materials. Figure 6.13 [221] shows the intensity distribution of a 
bit pattern photo bleached in homogenous material and nanostructured material 
composed of fluorescent particles. 

In general, the major advantages of using nanocomposites in 3D optical data 
storage applications include [10, 41, 219, 221, 223]: 
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Bit Intensity Distributions 



Intensity (Arbitrary Units) Intensity (Arbitrary Units) 



Intensity (Arbitrary Units) Intensity (Arbitrary Units) 

Fig. 6.13 Bit intensity distributions in the material with a homogenous structure (a, b) and the 
nanostructured material (c, d) (Reprinted with permission from [10]. Copyright (2001) AIP) 


(1) Nanocomposites provide a greater flexibility in the design of new recording 
media compared to homogeneous materials. The rigid latex cores can be 
replaced with two-layer particles composing of a fluid core and a thin rigid 
shell, where the fluid core is synthesized from a low-7g polymer. Since the 
high viscosity of polymers above the glass transition temperature imposes a 
significant barrier to photochemical processes involving molecular rearrange¬ 
ments or bimolecular processes (atomic displacements in general), the photo¬ 
chemical reactions in the fluid cores will occur at higher speeds [227]. Hence, 
the quantum yield increases significantly in fluid environments and accordingly, 
the write speed. 

(2) Spatially periodic modulation of the photosensitive material. 

(3) Significant reduction in the cross talk in writing and reading processes that 
results from the compartmentalization of information carrying domains with 
respect to optically inert regions, which create “dead space” barriers against 
cross talk. 

(4) Additional filter mechanism and ability to better tune the photochemistry within 
composite materials makes nanocomposite polymeric systems highly attractive 
candidates as future high density optical storage media [221]. 
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Another major application of photopolymers is with respect to the development 
of holographic data storage devices because of their high sensitivity and large 
refractive index change [228]. They have been extensively investigated as holo¬ 
graphic recording media for many applications, including holographic scanners, 
LCD displays, helmet-mounted displays, optical interconnects, waveguide cou¬ 
plers, holographic diffusers, narrowband wavelength filters, laser eye protection 
devices, automotive lighting, and security holograms [226, 228-230]. 

Holograms are stored in photopolymer materials as spatial modulations of 
refractive index created in response to an interference pattern generated by incident 
laser beams. Because of photoreactions, the refractive index of irradiated areas of a 
material differs from that of dark areas. The bigger the difference in the refractive 
index between these two regions, the greater will be the data storage capacity of the 
material. The storage capacity of the material is also enhanced if the medium is 
thick, as this enables recording of many holograms in a given volume of material 
and results in improved diffraction efficiency of phase grating (modulated index) 
[226, 228-230]. 

Among the photopolymers, an organic-inorganic hybrid film is proposed to 
yield rigid media with low dimensional changes during holographic recording. 
Further, optical transparency and ease of film processing with sol-gel solutions for 
the organic-inorganic hybrids ensure the preparation of a thick film [228]. Many 
researchers showed that inclusion of nanoparticles contributed to rapid grating 
build-up and noticeable suppression of polymerization shrinkage, yielding high 
recording sensitivity and dimensional stability. The grating formation in nanoparticle- 
dispersed photopolymers is explained in terms of the mutual diffusion of monomer 
molecules and nanoparticles during holographic exposure because reactive monomer is 
consumed more in the bright region than in the dark one under holographic illu¬ 
mination and monomer molecules diffuse from the dark to the bright regions due 
to the difference of chemical potential between the bright and the dark regions. At 
the same time nanoparticles counter-diffuse from the bright to the dark regions. 
This is because the chemical potential of nanoparticles becomes higher in the bright 
region owing to their photo-insensitivity. As a result, compositional and density 
modulations of the formed polymer and nanoparticles having different refractive 
indices are spatially created, leading to the formation of a refractive index modulation 
(An) as large as 10“ 2 [226]. 

Transparent inorganic oxides such as Ti0 2 and Zr0 2 possess refractive indices 
much higher than those of available monomer and polymeric binder materials (>2) 
in the visible region: e.g., bulk refractive indices of 2.55 and 2.1 at 589 nm for Ti0 2 
and Zr0 2 , respectively. Therefore such high-refractive-index inorganic nanoparticles 
may be used to increase An further [226]. In these photopolymer nanocomposite 
films, holographic recording is achieved through photo-induced refractive index 
contrast arising from a compositional variation induced by polymerization and the 
subsequent diffusion of monomers into the polymerized areas (the high-intensity 
region of irradiation, the bright region) of the film under the constructive and 
destructive interference of multiwaves [228]. Achieving the desired storage capac¬ 
ity that would make holographic data storage commercially viable (-100 bits/qm 2 ) 
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will therefore require developing a large index contrast in thick photopolymer 
materials [230]. 

Suzuki et al. proposed holographic photopolymer incorporated with inorganic 
Ti0 2 , Si0 2 and organic (hyperbranched polymer) nanoparticles for permanent volume 
holographic storage with high diffraction efficiency [220, 231-233]. Ti0 2 nanopar¬ 
ticles with an average diameter of 15 nm dispersed in methacrylate photopolymers 
gave An as large as 5.1 x 10 -3 and the polymerization shrinkage suppression of 
approximately 69% was achieved at the nanoparticle concentration of 15 vol%. 
Sanchez et al. [234] also reported a similar 4 nm (average diameter) Ti0 2 nanopar¬ 
ticles dispersed in the mixture of two kinds of acrylate monomers. They performed 
holographic recording at a wavelength of 351 nm and obtained An as large as 
15.5 x 10 -3 at 633 nm. However the systems reported by both Suzuki et al. and 
Sanchez et al. suffered scattering losses as high as 20 and 29%, respectively, for the 
40 pm film thickness. 

Further development of modem optical devices for information storage, transfer, 
and processing requires a transition from “classical” optical media to materials with 
quantum-dimensional parameters, in which an interaction of optical radiation with 
medium on interfaces of the medium play the fundamental role [219]. Such an 
approach results in considerably modified optical characteristics of materials, in 
particular, a substantial increase in the optical response of the medium. New pos¬ 
sibilities are open for creating advanced devices for telecommunications and other 
modern industrial segments. 


6.2.6 Light Emitting Diodes (LEDs) 

LED technology is being used in commercial applications such as small screens for 
mobile phones and portable digital music players (MP3 players), car radios and 
digital cameras and also in high resolution micro displays for head-mounted displays. 
Organic light emitting diodes are found in models of the Sony Walkman and of 
some of the Sony Ericsson phones, notably the Z610i, as well as most Motorola 
color cell phones [47]. 


6.2.6.1 Si-Based Nanocomposite Materials in LEDs: 

Efficient visible photoluminescence from etched and as-anodized porous silicon 
and observation of a blue shift in absorption edge triggered attention on the opto¬ 
electronic behavior of nano-sized silicon from the view-points of scientific and 
technological interests [235]. Fig. 6.14 [2] shows a nanostructured composite of 
silicon quantum dots in an amorphous matrix. Although Si is the base material of 
modern microelectronics, unfortunately, it does not efficiently emit light, due to its 
indirect band gap and the exciton binding energy of a few meV. Photoluminescence 
(PL) from Si is observed only at low temperature, which makes it impractical for 
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Fig. 6.14 TEM image of nano structured silicon quantum dots in an amorphous matrix for photo¬ 
voltaic applications. (Reprinted with permission from [20]. Copyright Proceedings of ACUN-5 
International Composites Conference: Developments in Composites: Advanced, Infrastructural, 
Natural and Nanocomposites, Sydney) 


use in optoelectronic circuits and devices. To overcome this problem and to achieve 
high emission yield from Si, several different systems have been proposed [11, 
236-240] and one among such systems is based on nanostructured Si (nanocrystalline 
and porous Si), where quantum confined effects and exciton localization play a 
major role in the light emission process [238, 239]. 

Silicon nanocrystals as a light source had an additional advantage over bulk 
silicon in that the electrical carriers were confined to a region in which no defects 
were present due to the fact that the host material (normally Si0 2 ) ensures an 
efficient passivation of defects and recombination centers. This opened gates for 
different systems based on Si and Si0 2 to be investigated, like Si0 2 layers doped 
with Si nanocrystals [238], Si/Si0 2 superlattices [11], oxidized porous Si or single 
nanometer-thick quantum wells of crystalline silicon. Above all, the insulating 
effect of Si0 2 makes it even difficult to inject electrical charges into Si nanocrys¬ 
tals, and thus efficient light-emitting diodes are troublesome to make. Moreover, 
large currents passing through an oxide film will eventually make it fail, resulting 
in a short circuit. Amato et al. [4] proposed a completely different approach to 
produce Si/Si0 2 nanocomposites by investigating the possibility of infiltrating Si 
into porous silicon oxide (PSO) by CVD. PSO in which the pores are intercon¬ 
nected acted as a template for the growth of the Si network so that the complete 
pore filling gives rise to a percolated Si network inside Si0 2 . The authors reported 
that the system was absent of consequent effects to porosity such as instability, 
reactivity, and fragility. Additionally, several alternative ways have been pursued 
to deal with its inability of Si to luminescence efficiently. Some examples are 
crystalline silicon doped with rare earth ions, crystallized silicon quantum dots 
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[240], and porous silicon [239]. Luminescent PS layer (formed by anodic conversion 
of single-crystal silicon c-Si) consists of highly packed, isolated and/or intercon¬ 
nected silicon nanocrystallites with a mean diameter of 2-3 nm, which is below 
the critical level for the occurrence of quantum confinement. Koshida and Gelloz 
[235] reviewed wet and dry porous silicon, their characterization, and properties 
at greater depth. 

In addition, silicon-based materials were also used as hosts for erbium doping. 
They showed a 1.54 jam emission (falls in the window of maximum transmission 
for silica-based optical fibers) stimulating both academia and industries on erbium- 
doped materials. 4f-shell luminescence from erbium-doped crystalline silicon was 
reported for the first time in 1983 [2], and after that, erbium has been incorporated 
in numerous other materials. Porous silicon was also used as a host for the incor¬ 
poration of erbium ions. The ability to manufacture high reflectivity multilayer 
structures [238], efficient visible photoluminescence [239], and compatibility with 
standard silicon processes in making integrated optoelectronic devices [11] has 
attracted porous silicon. The large surface area of nanostructured matrix of porous 
silicon allows easy infiltration of the ions into the matrix. The structure of porous silicon 
readily oxidizes, producing large concentrations of oxygen necessary for efficient 
erbium emission. Different doping techniques have been proposed for porous silicon, 
such as ion implantation [241], diffusion [242], and electrochemical migration 
[243]. Among these, cathodic electrochemical migration was preferred because it 
offers the advantages of deeper erbium penetration (10-20 qm), lower cost, and 
simplicity of processing. However, erbium-doped crystalline silicon structures were 
usually prepared by expensive and time consuming processes like ion implantation, 
epitaxial growth, and chemical vapor deposition, which also require specialized equip¬ 
ment, and limited to very shallow doping profiles [4]. 

Lopez et al. [244] infiltrated erbium in the pores by cathodic electrochemical 
migration of the ions followed by high temperature annealing (600-1,100°C) to 
produce a composite material made of silicon nano-crystals and silicon dioxide. 
The devices exhibited exponential electroluminescence dependence in both bias 
conditions (Fig. 6.15 [244]) as a function of the driving current and driving voltage. 
It was reported that in reverse bias, the external quantum efficiency reached 0.01%; 
the electroluminescence intensity decreased by a factor of 24 in reverse bias and 2.6 
in forward bias when the temperature increased from 240 to 300 K; and the photo¬ 
luminescence from the erbium-doped micro cavity resonators was enhanced by 
more than one order of magnitude and tuned to emit in areas where the natural 
erbium emission was very weak. 


6.2.6.2 Polymer-Based Materials in LEDs 

Polymers are very promising candidates for cost-effective micro- and nano¬ 
photonic devices in optical communication networks, chip-to-chip interconnections 
and sensors. They have many desirable properties, such as easy fabrication, low 
production cost, device integration, and compatibility with Si and GaAs fabrication 
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Temperature (K) 

Fig. 6.15 Temperature dependence of photoluminescence and electroluminescence under forward 
and reverse bias. Data for electroluminescence was taken at a constant current density of 34 mA/ 
cm 2 (Reprinted with permission from [165]. Copyright (2001) Elsevier) 


technologies [245]. They can also be deposited directly on any kind of substrates 
and tune their optical properties by different combinations of monomers and 
dopants. Different classes of polymers have been developed for micro-photonics: 
photosensitive polymers (e.g., polyimides and photoresists), olefins, fluorinated 
polymers, acrylates, elastomers [245]. 

7i-conjugated polymers are extensively studied for their potential use in light 
emitting diodes, photovoltaic cells (solar cells), and organic thin-film transistors. 
Poly(/?-phenylene vinylene) (PPV) and its derivatives were promising in this regard 
because of their particular stmcture and highly interesting electroluminescent, electrical, 
nonlinear optical and lasing properties [246]. Besides PPV and its derivatives, 
polyfluorene (PF) and its derivatives are promising conjugated polymers for PLEDs 
because of their thermal and chemical stability, good solubility, and high fluorescence 
quantum yields. Despite this, the use of PF and its derivatives for PLED applications 
has several disadvantages arising from the aggregation and excimer formation and/ 
or thermal oxidation (keto defect), as well as intermolecular cross-linking between 
PF chains. These include relatively low electroluminescence quantum efficiencies 
and unstable color purities. Although many approaches were used to overcome 
these problems, like introducing solubilizing substitutes to control the aggregation, 
there are still problems like complicated synthesis process and difficult to access 
fully aromatic materials. Thus, further improvements are still needed to achieve the 
commercialization of full-color displays [247] demonstrating the need for more 
stable and efficient conjugated polymers. 

An alternate approach to polyaromatics with multiple advantages in terms of 
ease of synthesis, robustness, versatility in functionality, and high solubility was 
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reported by Brick et al. [26]. Cubic octasilsesquioxanes novel compounds are used 
as model catalytic surfaces, molecular catalysts, porous media, NMR standards, 
fluoride encapsulants, and building blocks for nanocomposite materials. They 
reported that polybromophenylsilsesquioxane Br 5 3 OPS reacts readily with borates 
of phenyl, biphenyl, naphthyl, 9,9-dimethylfluorene, and thiophene using standard 
Suzuki conditions to produce the corresponding polyaromatic and heteroaromatics 
with complete substitution of all bromines. The resulting materials were completely 
soluble in a variety of common organic solvents and were also stable at temperatures 
exceeding 400°C in air. Photoluminescence measurements showed standard aromatic 
behavior with typical quantum efficiencies [26]. 

Polyhedral oligomeric silsesquioxanes (POSSs), have unique cube-shaped 
molecular structure and nanoscale dimensions, and POSS-functionalized organic- 
inorganic hybrid materials were used as modifiers for nanoparticle applications 
[247]. POSS-substituted organic-inorganic hybrid PFs were also developed by 
several groups. Lee et al. [247] reported POSS-pendant PF copolymers and showed 
that they have higher luminescence, efficiency, and color stability than POSS-free 
pristine PF. Later, they hypothesized that small amounts of nanoscale POSS 
attached to the C-9 position of fluorine in PF derivatives would reduce the intermo- 
lecular n-n interactions between polymer chains and thus suppress aggregation and 
thermal oxidative degradation [247]. Also, photoluminescence and electrolumines¬ 
cence studies of POSS-functionalized PF derivatives showed that the inclusion of 
POSS strongly suppresses the intermolecular aggregation and thermal oxidation 
and thus, enhanced the light-emitting performance. 

Recently, super radiance in PPV and PPV analogues was achieved suggesting 
the prospect of polymer semiconductor lasers [246]. PPV exhibits a strong two- 
photon pumped up-conversion emission when excited by near-IR laser pulses of 
800 nm, which also opens up another prospect, upconversion lasing [246]. PPV is 
traditionally made by a base catalyzed reaction of a water-soluble salt monomer 
precursor. However, many questions and difficulties still remain in spite of the 
rapidity with which PPV has been developed for electroluminescence applications. 
It is extremely difficult to achieve a narrow distribution of molecular weight of PPV 
due to the difficulty in controlling the base-catalyzed reaction and therefore leads 
to large polymer chains. Moreover, since the final polymer is insoluble, it is difficult 
to process it in various forms such as a bulk sample or in the form of a blend with 
other polymers. Lai et al. [246] demonstrated a controlled, nanoscale polymerization 
of the PPV monomer conducted within the size-controlled cavity of reverse 
micelles, which yields processable PPV. These PPV analogues (oligomers) were 
also readily processed through dispersion to prepare polymer blends. Figure 6.16 
[246] shows the Fluorescence emission from poly(p-phenylenevinylene) of different 
conjugation lengths synthesized within reverse micelles. Ho et al. [248] demonstrated 
that PPV-Si0 2 nanocomposites exhibited a composition dependence of refractive 
index that can be utilized to fabricate all polymer photonic structures in the visible- 
NIR region. They fabricated conjugated polymer distributed Bragg reflectors and 
micro-cavity light-emitting diodes [176, 248]. In this PPV-Si0 2 system, a very large 
refractive index contrast was also achieved (>40%). This system also has other 
advantages such as: 
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Fig. 6.16 Fluorescence emission from poly(p-phenylenevinylene) of different conjugation 
lengths synthesized within reverse micelles (from left to right: W 0 = 5, 10, 15, 20). (a) UV excita¬ 
tion; (b) two-photon excitation at 800 nm (Reprinted with permission from [108]. Copyright 
(1998) ACS) 

(a) silica is transparent over the key electronic and vibrational bands of PPV, also 
inert to the acidic thermal elimination reaction that generates PPV, 

(b) silica is a wide band gap insulator (hydrolytic silica is expected to have few 
chemical defects; e.g., dangling bonds, so neither bulk/surface charge trapping 
nor excitation energy transfer occurs) 

(c) spectroscopic properties of PPV and its oligomers are well characterized and 

(d) simple repeat structural unit of PPV leads to sharp spectroscopic features that 
are more sensitive to disorder than those of many other conjugated polymers. 

In the light-emitting diodes made of p -type polymers such as PPV derivatives, the 
majority of the carriers of the emissive polymers are holes. It is thus, necessary to 
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improve the electron injection ability at the interface of the polymer cathode and to 
block the holes effectively before they reach the cathode, to improve the EL quan¬ 
tum efficiency. For this purpose cathodes with low work function such as Ca and 
Mg have been employed [247]. Since metals are susceptible to degradation upon 
exposure to air an inert atmospheric condition is required to deal with them. To 
overcome this problem, an electron injecting or transporting layer or an insulating 
layer such as A1 2 0 3 and LiF were employed for the stable and efficient EL device 
with an A1 cathode. Later, the EL device with A1 cathode was greatly improved by 
the post-deposition annealing above the glass transition temperature of an emitting 
polymer without any additional layer. A quantum well structure for the charge 
confinement was also employed to improve the electron-hole recombination rate of 
the organic EL device by An et al. [249]. In spite of all these efforts, fabrication of 
multilayer devices by successive spin casting of polymer solutions is not easy. 
Hence, to commercialize the polymeric EL devices the improvement of device 
stability was urgently required. 

Both chemical and physical methods were used to enhance the performance of 
PPV-based devices. Using chemical methods, structure of the polymer was changed 
by adding functional groups to the backbone, thereby improving the solubility or 
modifying the band gap of the material [250]. Although, the chemical techniques 
gave good results, they strongly depend on the synthesis of the polymer. Regarding 
physical methods, the properties of a polymer can be improved by adding “selective” 
inorganic nanoparticles to the host material and this process is also believed to 
increase the electrical conduction of the polymer, and in addition, improve its 
stability. Many researchers have reported nanocomposites of silica/titania nanopar¬ 
ticles with PPV or its derivatives [251, 252]. Silica nanoparticles had a good effect 
on the conductivity of the polymer host while the titania nanoparticles influenced 
photovoltaic properties. In both cases, modification of the polymer luminescence was 
observed. However, contradictory results were reported in very similar materials; for 
example poly(2-methoxy-5(2' ethyl) hexoxy-phenylene vinylene) blended with Si0 2 
was found to have an improved conductivity as compared to the bare polymer; while 
PPV with similar nanoparticles showed a lower conductivity than the polymer alone. 
Lee et al. [251] reported that conjugated polymer layered silicate nanocomposites 
with high environmental stability against oxygen and moisture showed greatly 
improved photoluminescence intensity and its EL device also possesses hugely 
improved external quantum efficiency. Nguyen et al. [252] performed isolation of a 
conjugated polymer chain within mesoporous silica to control chain conformation 
and energy migration. It was also reported that the conjugation length of the polymer 
could be altered by the incorporation of the nanoparticles, modifying its optical and 
electrical properties [250]. The main consideration here should be that the polymers 
used in these works were not synthesized by the same technique and the analysis of 
the results should also mind the quality of the polymer materials. 

Yang et al. [250] studied diodes made using PPV/Si0 2 and PPV/Ti0 2 nanocom¬ 
posites by depositing the composite thin film onto indium tin oxide (ITO) substrates 
followed by thermal evaporation of a MgAg cathode of thickness 500 nm. 
Figure 6.17 [250] represents the current density vs. applied field for devices with 
different concentrations of PPV/Si0 2 and PPV/Ti0 2 composites. 
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Fig. 6.17 Current density vs. applied 
field in diodes with different nanoparti¬ 
cle concentrations: (a) IT0-PPV/Si0 2 
(100 nm)-MgAg; (b) IT0-PPV/Si0 2 ^ 
(20 nm)-MgAg; (c) IT0-PPV/Ti0 2 
(20 nm)-MgAg (Reprinted with permis¬ 
sion from [137]. Copyright (2005) 
Elsevier) 
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The authors reported different behavior patterns in devices of PPV/Si0 2 , 
depending on the particle sizes; for smaller particles, the conductivity of the 
composite decreased with the increasing concentration, while for larger particles, it 
increased with the concentration. Qian et al. [253] showed almost forty times 
increase in photoluminescence from nanotubed titania, compared to that of nano¬ 
particles. This increase was attributed to the translational symmetry in Ti0 6 octahedron 
that remains along the tube axis; and no longer exists around its circumference. 
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Since nanoparticles and nanotubes have different characteristics of surface area, 
morphology, etc, the changes in the electronic band structure resulted in increasing 
luminescence of titania nanotubes. They also reported blue electroluminescence 
from titania nanotubes [253] doped into a poly (2-methoxy-5-(2-ethyl hexyloxy)-/?- 
phenylene vinylene) (MEH-PPV) matrix which directly comes from band to band 
transitions of titania nanotubes. The onset voltages of the polymer light-emitting 
diodes were lowered after doping with titania nanotubes and the doped devices 
gave higher current compared with the undoped ones. Figure 6.18 [253] shows the 
normalized EL spectra of the PLEDs. 




Wavelength (nm) 

Fig. 6.18 (a) Normalized EL spectra of PLEDs with different concentrations of titania nanotubes 
(applied voltages at 13V). (b) Normalized EL spectra of PLEDs doped with titania nanotubes at 
weight ratio 10 wt% under different applied voltages (Reprinted with permission from [31]. 
Copyright (2006) Institute of Physics) 
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Effective charge confinement of the nanocomposite devices plays a critical role 
in improving the luminescent efficiency. Lee et al. [254] determined the charge 
(electronic and ionic) carrier mobility of the LED made of nanostructured polymer/ 
clay composites by measuring pulsed- and steady-state transient EL. The authors 
reported that the clay within the nanocomposite acted as a barrier against both 
electronic and ionic charges. Figure 6.19 [254] represents the transient current and 
EL as a function of time of different devices for a steady state electric field. 

Furthermore, conducting polymer nanostructures not only have advantages/ 
applications in light emitting diodes, but also in various other electronic devices 
such as flexible electronic circuits, field effect transistors and so on due to their ease 
of controlling the conductivity (from insulator to conductor) by changing the doping 
level. However, Lewis acid a commonly used dopant is reactive enough to damage 
the electronic devices limiting long lifetime and device stability. On the other hand, 



Time (sec) 


Fig. 6.19 Transient current and EL as a function of time while applying a steady state electric 
field (9.5 x 10 7 V/m). (a) ITO/MEH-PPV/A1; (b) ITO/(MEH-PPV/Clay)/Al (Reprinted with 
permission from [201]. Copyright (2001) Elsevier) 
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small organic compounds have been applied to the semiconductors capable of being 
fabricated into thin-film transistor (TFT). Examples include oligothiophenes, 
substituted naphthalenes, phthalocyanines, and pentacene. The conduction mechanism 
for these classes of organic semiconductors involves charge transport across n electrons 
in these molecules. Most of them are known to carry electrons by positive 
charge (hole). Triphenylamine derivatives such as A,A'-bis-(4-methylphenyl)-A, 
A'-diphenylbenzidine (TPD), transport hole were used as organic conductors or in 
organic electroluminescence devices. A new method to fabricate semi-conductor by 
solution process based on the composite of organic hole transporting compound, 
TPD, and titanium dioxide (Ti0 2 ) nanoparticles by sol-gel process was reported by 
Yokozumi et al. [255]. The conductivity of the composite increased up to six orders 
of magnitude higher than that of TPD itself when TPD was doped with Ti0 2 
nanoparticles. 

In sum, multifunctional polymers (exhibiting simultaneously more than one 
property) are a new generation of materials that hold considerable promise for 
numerous applications in the field of electronics and photonics [246]. Manipulation 
of molecular architecture and the morphology at nano level provides a powerful 
approach to control the electronic and optical properties of a material as well as its 
processability. So far, most of the research was carried out on inorganic semi¬ 
conductors in the design and preparation of quantum confined structures such as 
quantum dots, quantum wires, and quantum wells [246]. Electron-hole pairs can be 
quantum confined to control the band gap of materials by the correct choice of 
physical sizes. In case of inorganic materials (semi-conductors and metal clusters) 
the electronic and photonic properties, which are strongly dependent on their band 
gaps, are well documented. However, nano-scale processing of polymers in a 
restricted geometry to produce quantum confined structures and composites is less 
explored. By tuning the morphologies, band gaps, and charge-transport properties 
of these polymers, device stabilities have been increased, and emitters at a wide 
variety of wavelengths have been fabricated [246, 251, 254, 256, 257]. 


6.2.7 Miscellaneous Applications 

6.2.7.1 Ultra Large Scale Integration (ULSI) Devices 

Multilayer polymer ceramic structures are important for many applications such as 
the need for thin film polymers for electronic packaging, coatings, passivation layers, 
lubrication, biocompatible materials, and intermetallic dielectrics for ULSI devices. 
[258]. A major need exists to replace silicon dioxide with a low dielectric constant 
material such as a polymer to reduce RC-delay and cross-talk in integrated circuits. 
However, to realize this goal both synthesis techniques and a fundamental under¬ 
standing of polymer thin films are needed. Different integration schemes were 
proposed which used Si0 2 and functionalized poly(/?-xylylene) derivatives to 
take advantage of silica’s good adhesion properties and thermal stability while also 
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taking advantage of the polymer’s low dielectric constant, which would ultimately 
reduce the RC-delay in ULSI devices [258, 259]. The presence of Si0 2 specific 
interactions and physical confinement causes thin film polymers to have more complex 
morphology compared to the complex anisotropic morphology of the polymers. 
Crystallization behavior of the polymer is a noticeable effect of the specific interac¬ 
tions. In this regard ultrathin films of polystyrene (formed by spin casting/coating 
technique) on H-terminated Si and on native oxide silicon have been studied and it 
was reported that they exhibited opposite behavior in terms of their glass transition 
temperature as a function of film thickness [258, 259]. These polymeric films are 
not advantageous in fabricating ULSI devices due to their low processing through¬ 
put, poor conformality, purity incorporation and the presence of casting solvent, 
which is an environmental concern. Senkevich et al. [258] have deposited both Si0 2 
and PPXC (poly (chloro-p-xylylene)) polymer layer at near room temperature by 
thermal CVD. CVD is very promising, but it is not very cost effective. They 
reported that the introduction of a polymer with Si0 2 raised the refractive index 
from 1.44 to 1.59 (at 630 nm) and lowered the dielectric constant from 4.0 to 3.30 
(at 10 kHz) with a PPXC thickness fraction of -0.80. 

Ezhilvalavan and Tseng [260] reviewed the use of tantalum pentoxide (Ta 2 0 5 ) 
thin films for ULSI circuits applications. They investigated the deposition of Ta 2 0 5 
films by reactive sputtering, photo- CVD (chemical vapor deposition) and LPCVD 
(low pressure CVD) and reported that LPCVD is more appropriate for high density 
device applications owing to its good step coverage. Also maximum dielectric 
constant and low leakage current density obtained with LPCVD-Ta 2 0 5 films were 
better than those of other processing methods. 


6 . 2 . 7.2 Liquid Crystal Displays (LCDs) 

Nanocomposites consisting of spatially confined liquid crystals are of great interest 
due to the prospects of their application in optoelectronic devices, photonic crystals, 
depolarizers, scattering displays, information storage and recording devices, and 
windows with adjustable transparency. In these systems, applied external electric 
field causes switching between the scattering and transparent states, and, under 
some conditions, these states can be retained after the field switching off. In case 
of spherical aerosol particles, it was found that the memory effect is achieved due 
to formation of ordered branched network of the aerosol particles in the liquid 
crystal matrix. But in the case of anisometric particles of a clay mineral an important 
contribution for the memory effect can be from the influence of the clay surface on 
the alignment of adjacent liquid crystal (LC) layers, which can be controlled by the 
application of hydrophobic organic modifier on the clay mineral. 

The effect of modification of the montmorillonite (MMT) clay mineral with dif¬ 
ferent organic surfactant ions on the electro-optical properties of the MMT + 5CB 
(4-pentyl-4'-cyanobiphenyl nematic liquid crystal) heterogeneous LC-clay nano sys¬ 
tems have been studied by Chashechnikova et al. [261]. Using IR and Raman 
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spectroscopy techniques, it was shown that in the LC-clay nanocomposites consisting 
of organically modified MMT and 5CB, mutual influence of 5CB molecules and the 
clay particles occurred that resulted in the ordering of the near-surface layers of both 
inorganic and organic components of the composites. Because of this Van der Waals 
interaction, the system became transparent under the action of electrical field, and 
preserved the transparent state when the voltage was switched-off, i.e., the contrast 
and electro-optical memory effect were observed. They also reported that the use of 
polar additive (acetone) for preparation of the nanocomposite increases the uniform¬ 
ity of the composites and considerably improves their electro-optical properties. 


6.2.7.3 Flat Panel Displays 

The velocity of electrons approaching the speed of light (3 x 10 8 ms -1 ) in vacuum 
is limited to only a saturation velocity of 10 5 ms -1 in solids by lattice scattering; 
thus, making vacuum electronic devices attractive for high speed and high frequency 
applications [262]. Conventional vacuum electronic devices use electrons liberated 
by thermionic emission from hot filaments that are large and need much energy in 
heating up the filament. So, replacing the thermionic cathode by a cold cathode 
(uses field emission, FE, electrons where the electrons are liberated by tunneling 
from the cathode material at room temperature under intense electric field) can 
reduce the size of the device and also improve the power efficiency. Cold electron 
FE materials, with low threshold fields, are seen as potential candidates for flat 
panel displays (FPD). Some of the novel cold field emission materials include 
metallic-dielectric nanocomposites such as resin-carbon coatings [263, 264] graphitic 
clusters embedded in amorphous carbon (a-C) films, metal doped a-C films and 
metal implanted SiC layers [264]. Due to a local electric field enhancement by 
virtue of the electrical inhomogeneity between nano-sized conductive clusters and 
insulating dielectric matrix, these materials have excellent field emission properties 
and very low threshold fields for electron emission, smaller than 20 V/pm compared 
to several thousand volts per micron values of flat metallic cathodes. 

Tsang et al. [264] have studied the electron field emission properties of the 
Ag-Si0 2 nanocomposite layers. Threshold fields as low as 13 V/pm was reported. 
Figure 6.20 [264] shows the electron field emission characteristics of the nanocom¬ 
posite layers at different Ag doses. Si0 2 as a host matrix has the advantages of 
chemical stability, efficient fabrication process by thermal oxidation, and fast well 
characterized etching process of Si0 2 which is convenient to create differently 
patterned FE devices. Ag has excellent electrical and thermal conductivities (beneficial 
in FE device applications), does not react chemically with the Si0 2 matrix, and the 
formation of nano-sized pure Ag clusters in silica is possible with small Ag doses 
(1 x 10 15 cm -2 ) [264]. Hence, the combination of Ag-Si0 2 has the added benefit 
that the whole fabrication process is compatible with existing IC technology and 
thus the nanocomposite layers as the cathode material for vacuum microelectronic 
devices take advantage of the possibility for integrating the devices with other circuit 
elements on a single chip. 
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Fig. 6.20 Electron field emission characteristics of samples implanted with various Ag doses, (a) 
I-F characteristics and (b) the corresponding Fowler-Nordheim plots (Reprinted with permission 
from [175]. Copyright (2005) Elsevier) 


6.3 Summary 

In this chapter, we discussed the material aspects of some of the nanocomposites 
used in different electronic applications as: embedded capacitors, integrated cir¬ 
cuits, lithium ion batteries, transistors, light emitting diodes, ULSI devices, LCDs, 
and flat panel displays. The potential of these hybrid materials has been realized in 
various modern day applications like: iMac G5 by Apple® Inc., OLEDs 
(Nanohorizons®, Motorola®, NUVUE AM550L by Eastman Kodak®, Dupont®, 
Samsung®, Sony® corporation, Universal display corporation®, RiT display corpo¬ 
ration®), Pioneer® organic electro luminescent display (OEL), Sanyo® OEL display, 
surface conduction electron emitter display by Canon®, television display coating 
by ecology coatings®, and in processors (Athlon® AMD™ 64 FX, AMD™ Athlon® 
64 X2 dual-core, IBM power PC 970 FX/970 MP, Intel® Celeron® 4, Intel® Core™ 
duo, Intel® Pentium® 4, Intel® Pentium® D) [22, 265]. 
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Nonetheless, it is evident from this review and the unwanted break downs in 
consumer electronics that more studies should be focused towards the fundamental 
understanding of these materials. Recall that with increasing ceramic loading, the 
dielectric constant of polymer/ceramic nanocomposite materials was increased for 
embedded capacitor applications, but the role of processing methods and condi¬ 
tions, filler size, shape, orientation, dispersion, percolation, and crystal structure are 
still not very clear. Likewise, nanoparticle dispersion is another critical issue that 
controls the use of these materials for commercial applications. Although, the 
research work discussed in this review is mainly oriented in terms of electronic 
behavior of the nanocomposites, it is very important to consider other properties of 
these materials (mechanical, thermal, rheological, or any combination there-of) in 
order to preserve the structural integrity of the material as a whole. 
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